Thin metal fiIrns (Cu, Au, Ni) on quartz glass were illuminated with nanosecond pulse.; of a frequency doubled Nd:YAG laser (A = 532 nm). The transient reflectivity behavlour was probed at the wavelength 633 nm, where these metals exhibit Drude-Iike optical behaviour: the reflectivity decreases with temperature in the solid and in the Iiquid state as well as at the solid-llquid phase transition. It is shown that nanosecond time-resolved reflectivity measurements can l x used to d e t e m n e the melting of these metal surfaces due to the reflectivity d~fference between the solid and the liquid phase. been published up to now [2-61. Most of these arose in the context of transient resistivity measurements of structured thin metallic films. While these electrical data were analysed quantitatively, the optical data have beein used in a qualitative way only. This might be due to the fact that the expected reflectivity changes on metals are small compared to semiconductors. As an example the reflectivity of Si changes fmm 32% to 70% upon melting ( A = 633 nm, normal incidence) as a consequence of the phase transition from the solid which is a semiconductor to the hquid with metallic behaviour [7]. In comparison, on a metal Iike Ni a change of only 2% can be expected as caIculated from the optical constants [XI. In this paper we describe time-resolved reflectivity measurements in detail and demonstrate that despite the small reflectivity changes the phase transition can clearly be resolved. As will be shown for several 
During the last years the possible application fields of pulsed laser hahation exhibited a continuous increase. Some examples are material modifications like cutting, drilling, alloying as well as cleaning and ablation. In many technical applications metallic surfaces have to be modified. Jn special cases it might be worth achieving a real time control of the condition of the metallic surface during the modification. A possible approach to this task are in situ time-resolved reflectiv~ty measurements at the metd surface. On semiconductor surfaces numerous measurements of this kind have been performed especially on silicon, e.g. Ref. [I] . On metal surfaces, however, only few experimental studies have -* Corresponding author. TeE.: + 49-7531-882-256; fax: f 4 9 -753 1-883-127, e-mail: johmncs.boneberg@uni-konstanz. de been published up to now [2-61. Most of these arose in the context of transient resistivity measurements of structured thin metallic films. While these electrical data were analysed quantitatively, the optical data have beein used in a qualitative way only. This might be due to the fact that the expected reflectivity changes on metals are small compared to semiconductors. As an example the reflectivity of Si changes fmm 32% to 70% upon melting ( A = 633 nm, normal incidence) as a consequence of the phase transition from the solid which is a semiconductor to the hquid with metallic behaviour [7] . In comparison, on a metal Iike Ni a change of only 2% can be expected as caIculated from the optical constants [XI. In this paper we describe time-resolved reflectivity measurements in detail and demonstrate that despite the small reflectivity changes the phase transition can clearly be resolved. As will be shown for several metals (Au, Ni, Cu) time-resolved reflectivity studies allow an in s~t u control of the melting of the surface.
The annealing laser was a frequency-doubled Qswitched Nd:YAG laser ( A = 532 nm) with a pulse length of 7 ns (full width at half maximum) and a beam profile close to TEM,,. The Nd:YAG pulse, incident nearly perpendicufar to the surface (Fig. l) , was only mildly focused to a spot diameter of about 0.5 mm. For the measurement of the reflectivity R we used an s-polarized continuous wave He-Ne laser (10 mW, 633 nm) with an angle of incidence of 45" with respect to the surface normal. The laser was focused to a l / e diameter of below 15 pm at the surface, so that the variation of the pulse laser beam intensity across the diameter of the test laser could be neglected. The specularly reflected light was detected by a fast pin diode (FWD 100) and registered by a fast digital storage oscilloscope (HP54.111~). If necessary, a 1 GHz AC amplifier was inserted in addition. In that case the absolute values of R were determined before and after a laser pulse. Altogether the time resolution of the measurement was 1 ns. The resolution in the reflectivity was determined to be 0.2%. Interference filters in front of the pin diodes suppressed any contribution of the laser pulse to the measured signal.
Our sample$ were thermally evaporated metal films on quartz glass substrates. The thickness of the metal films, which was controlled by a quartz microbalance during the evaporation process in a HV chamber was in the range of 30-40 nm. In order to enhance the: adhesion of the metal layers, the substrates were first etched with areon ions and then a I The laser pulse is schematically depicted in the lower trace of Fig. 4(a) . Before At an energy density of 70 d / c m 2 ( Fig. 4(a) ) the reflectivity drops during the laser pulse from the starring value of 90.5% towards a minimum of 86.5% and then increases again towards the starting value.
The interpretation of this behaviour is straightforward: Due to the absorbed energy the temperature of this surface layer increases. As a consequence the collision frequency increases which gives rise to a reflectivity decrease, in agreement with bath a simple Drude model and the temperature dependent data of Otter. Ar a first approximation we can use the slope of the data of Fig. 2 to determine the maximum temperature increase from these data, which is estimated to 670 K.
In Fig. 4(b) the energy density was increased to 115 mJ/crn2. The transient reflectivity decrease is more pronounced now and amounts to 9.7%, which is more than the expected reflectivity change upon heating up to the melting point. Nevertheles there is no clear indication of melting in this trace.
At a further enhanced energy density (Fig. 4 c ) ) a new feature appears in the reflectivity behaviour.
before the starting value of R is slowly reapproached on a timescale of 900 ns. We interpret this tlme dependence in the following way: At such a high energy density the temperature in the probed surface layer increases well above the melting point during the laser pulse, therefore the reflectivity decreases below the liquid reflectivity at T,, R,(q,). Heat transport into the substrate reduces the temperature In the film, whereas the temperature in the substrate increases. Therefore the temperature gradient into the substrate and thus also the heat transport are decreaslng with time. Then (as we know from reflectivity measurements of the back side of the film, wh~ch are not shown here) around c = 130 ns solidification of the liquid film begins at the metal-substrate interface, and latent heat is released which compensates the heat loss by heat transport into the substrate in such a way that the temperature remains slightly below T,. Consequently the temperature at the film surface and the reflectivity are almost constant in t h~s regime, which call be used to determine R,(7;,).
The solidification proceeds then towards the surface . . the slope of the reflectivity is increased during 26 ns 11s mr/cm2, and ( c ) 320 ml/crn'. and reaches the probed layer thickness at 140 ns. As the solidification h n t passes the penetration depth of the test laser during the next 24 ns, the reflectivity changes from R,(T,) to Rs(7;,,), the reflectivity of the solid state at T,. Thus the increase of reflectivity in this time interval indicates the solidification process. In this way one gets both and R,(T,) from a time-resolved measurement at enhanced energy density. The slow subsequent reflectivity increase of trace 4(c) (compared to 4(a) and 4(b) ) is a result of the reduced thermal heat conduction. In comparison with Fig. 3 Fig. 6 shows the result for an energy density of 270 rnJ/crn2. Once again the solidification (at t = 80 ns) can clearly be identified although the difference between R,(Tm)and R,(T,) is berow 0.5% in this case.
It has to be men~ioned that the most critical experimental requirement for the identification of the resolidification is a constant energy density across the surface area probed by the test Iaser. Already a slight variation in energy densiiy of the laser pulse shifts the phase transition in time. Therefore the increase between R,(T,) and R,(T,) is spread out in time. As a consequence the difference In the slope between the phase transition and the reflectivity change due to the cooling may be hidden due to intensity fluctuations of the test laser. Thus the identification of the phase transition may become difficult.
In conclusion we have shown that time-resolved reflectivity measurements allow the clear identification of the liquid-solid phase transition at metal surfaces in nanosecond pulsed laser annealing experiments. It wiIl be interesting to study possible undercooling effects of metallic Iiquids after pulse laser melting with this technique. Furthe~rnore electron and ion beam annealing experiments might benefit from time-resolved informations.
